The effect of rotaviruses and enterotoxigenic Escherichia coli administered in various sequences to cesarean-derived, colostrum-deprived calves was studied using light and electron microscopy. The structure of the lymphoid tissue in the ileum, the number of mitoses in the crypts, number of intraepithelial lymphocytes, and enzyme histochemistry (alkaline phosphatase, acid phosphatase. succinic dehydrogenase, /3-galactosidase, and leucinaminopeptidase) of the ileal dome epithelium were evaluated. The area of lymphoid follicles in Peyer's patches of the ileum was investigated morphometrically. Monoinfections with either rotavirus or enterotoxigenic E. coli induced a significant increase in lymphoid follicle area, but did not affect dome epithelial cells. Dual infections did not consistently affect the follicle area, but the number of intraepithelial lymphocytes and the mitotic indices exceeded those of comparable monoinfections. Changes in activity of enzymes in the ileal dome epithelial area were minor.
Aggregated lymphoid nodules, or Peyer's patches, occur in the lamina propria and submucosa on the entire length of the small intestine and as a continuous layer in the distal ileum. Morphologically. they consist of three basic elements: dome epithelium, follicle, and thymus-dependent area.33 Their structure has been documented in humans, rodents,l.9.24.25 swine,' 27 and calve^.^^.^^.^' The structure and enzyme histochemistry of Peyer's patches has been studied in naturally and experimentally infected calve^.'^.^^.^^ Several enteric pathogens have a predilection for dome epithelial cell^.^.^.^' Some, including chlamydia in calves and rabbit dysentery Escherichia coli type I,".'6 are closely associated with the brush border and do not enter dome epithelial cells. Others, however, including s a l m~n e l l a~~~~~~ and p o l i o v i r~s ,~~~~~~~~'~~ enter dome epithelial cells and subsequently disseminate to other host organs.
Another group of enteric pathogens, known to remain restricted to the gastrointestinal tract, does not have any predilection for dome epithelial cells. Examples are: c o r~n a v i r u s ,~.~' . -"~~~ enterotoxigenic E. coli, 24 mycobacteria,lO and Shigella.34 Rotavirus is thought to be part of the latter group, but recent experiments indicate that rotaviruses occur in dome epithelial cells, and are an important feature in the pathogenesis of rotavirus disease.38
The present study was conducted to explore the relation of rotavirus and enterotoxigenic E. coli to the gut-associated lymphoid tissue in cesarean-derived, colostrum-deprived calves.
Materials and Methods
Twenty calves (Hoehenfleckvieh) were delivered by cesarean section. Immediately after delivery. calves were transferred into sterile isolation units and were reared under specific pathogen-free conditions. They were deprived of colostrum, and were fed 2 liters of reconstituted cow's milk twice daily. Milk did not contain antibodies against rotavirus.
All calves were infected with rotavirus and enterotoxigenic E. c01i14 within the first 24 hours of life (Table 1) .
After intraluminal fixation with 7.5% neutral formalin, ileal tissue specimens were prepared for light microscopy by embedding them in paraplast and staining them with hematoxylin and eosin (HE), periodic acid-Schiff (PAS) and alcian blue-PAS.
After intraluminal fixation with 2% glutaraldehyde, ileal segments were subsequently prepared and embedded for electron microscopy. Semithin sections ( 1 Mm) and ultrathin sections (30 to 50 nm) were cut.
The number of mitoses (mitotic index) was counted in at least 50 crypts on two consecutive HE-stained paraffin sections, and was expressed as mitoses/crypt ratio. 20.27.28 Intraepithelial lymphocytes of the dome epithelial area were counted on semithin sections which were stained with toluidine blue and safranin by light microscopy (oil immersion, x 1,000). This stain gives a high contrast between epithelial and lymphoid cells. The number of lymphoid cells was correlated to the length of intestinal surface on two consecutive sections (measured by a semiautomatic image analyzer, Morphomat 10, Zeiss Oberkochen, West Germany).7. 13.36 An area of at least ten lymphoid follicles of Peyer's patches on two consecutive paraffin sections stained with HE was measured by a semiautomatic image analyzer (Morphomat 10, Zeiss Oberkochen, West Germany) attached to a light microscope. The resulting area was expressed as mm'. Enzyme histochemistry of dome epithelium was carried out for detection of the following enzymes: alkaline phosp h a t a~e ,~ acid phosphatase.' leucinaminopeptidase." d-ga-lacto~idase,~' and succinic dehydrogenase.'b
Results
Light and electron microscopic structures of the dome epithelium, lymphoid follicles. and T-cell-dependent area of control animals were comparable to literature reports. [* 19.36 The mitotic index in crypts associated with Peyer's patches is not changed. The number of intraepithelial lymphocytes is minimal. and the area of lymphoid follicles is not remarkable ( Table 2) . Dome epithelial cells showed moderate acid phosphatase. succinic dehydrogenase. and P-galactosidase activity. and a low leucinaminopeptidase activity. No alkaline phosphatase activity was observed ( Table 3) .
No lesions in dome epithelial cells could be seen in group 1. Rotavirus particles were present in the gut lumen in absorptive enterocytes next to. and in the direct vicinity of dome epithelial cells, but were never seen inside these cells (Figs. 1, 2).
Alkaline phosphatase activity was slightly increased in the early phase of infection (22 to 48 hours postinfection). The activity of the other enzymes tested did not differ from controls (Table 3) .
A short time after a rotavirus monoinfection (22 to 48 hours postinfection), the mitotic index was significantly decreased (Table 2) . Later, however (72 to 95 hours postinfection), a significant increase occurred. The number of intraepithelial lymphocytes (Table 2 ) and the area of lymphoid follicles (Table 2) in the ileum (72 to 95 hours postinfection) were significantly increased. Ultrastructurally, many mitotic lymphoblasts occurred in the center of lymphoid follicles.
In group 2, no E. coli colonies were seen on dome epithelia. and no bacteria were present in dome epithelial cells. A large number of neutrophils were present on the surface and between enterocytes ofthe dome epithelium and in the gut lumen. The enzyme activity (Table 3 ) and the mitotic index (Table 2) in dome epithelial cells were comparable to controls. The number of intraepithelial lymphocytes (Table  2 ) and the area of lymphoid follicles (Table 2) were both significantly increased.
Dome epithelial cells in groups 3. 4, and 5 remained normal during dual infections with rotavirus and enterotoxigenic €. coli. Rotavirus particles could not be detected in these cells. and E. coli colonies did not appear on the dome epithelium. Similarly, E. coli did not enter dome epithelial cells.
Some of the dual infections increased the alkaline phosphatase activity in dome epithelial cells, but others did not. Acid phosphatase and succinic dehydrogenase activity were decreased. No consistent changes were seen with the activity of P-galactosidase and leucinaminopeptidase ( Table 3 ). The mitotic index was significantly elevated in animals of groups 4 and 5 (64 to 96 hours postinfection) ( Table 2) . A time-dependent effect was clearly visible: up to 46 hours postinfection (groups 3 and 5). and a slight increase in the number of mitoses was seen, whereas a significant increase appeared 69 to 96 hours postinfection (groups 4 and 5).
Dual infections elicited a marked increase in the number of intraepithelial lymphocytes compared with controls ( Table 2 ). The highest numbers appeared 72 to 96 hours postinfection (group 5), and the lowest numbers 22 to 3 1 hours postinfection (group 5).
Rotavirus/enterotoxigenic E. coli (group 3) infections resulted in a two-fold increase of lymphoid follicle area (Table 2 ), whereas other infections tested either did not reveal any difference (group 5 , 24 to 3 1 hours postinfection) when compared with controls, or showed a slightly decreased in size follicle area (groups 4 and 5, 72 to 96 hours postinfection). Inconsistently, many pycnotic nuclei were seen in the center of lymphoid follicles (groups 3, 4, and 5 ).
Discussion
The close contact between epithelial and lymphoid cells provides a specialized role for lymphoepithelial tissues Our data on the morphology and histochemistry of Peyer's patches from control animals was in accordance with earlier report^.'^.^^.^^ However, no comparative data was available with respect to mitotic index, the number of intraepithelial lymphocytes, and the area of lymphoid follicles. Histopathological, electron microscopical, and histochemical results did not reveal any participation of dome epithelial cells in any of the infections investigated in this study. The E. coli did not colonize the area of dome epithelial cells, but a more or less continuous bacterial layer occurred on neighboring villi which were covered with absorptive enterocytes. These results are in accordance with data reported by Torres-M e d i~~a .~~ Rotavirus was not present in dome epithelial cells.
Increased cell loss or changes in enzyme activity did not occur in the dome epithelial area; thus, the number of mitoses at the base of the crypt was not elevated in most infections. The increased mitotic index in rotavirus monoinfections and the simultaneous rotavirus E. coli infection was part of a general increase of mitotic activity in the intestine due to extensive absorptive enterocyte loss (to be published). Reports The results of T~rres-Medina-'~ concerning the adsorption of rotavirus particles to dome epithelial cells are difficult to explain. However, there is some evidence in support of the postulate that dome epithelial cells do not participate in the pathogenesis of rotavirus infections. First, the amount of rotavirus particles taken up by bovine dome epithelial cells, as shown by T~r r e s -M e d i n a ,~~ is minimal compared with the amount being found in absorptive enterocytes. This is confirmed by negative results in investigations of dome epithelial cells for rotavirus antigens.lR Furthermore, rotavirus does not replicate and also does not destroy dome epithelial cells as it is known to do in astro-and/ or Breda virus infection^.^^ In conclusion, the obvious differences in T~rres-Medina's~~ findings and our own data may be influenced by the following considerations: 1) The former experiments have been carried out by using gnotobiotic calves.38 We, however, used In experiments with experimental Breda virus infection in calves of different sources (gnotobiotic versus cesarean-derived, colostrum-deprived), controversial results have been reported.J4 One report44 does not include detailed information on the pathology of dome epithelial cells. In another species (laboratory rodents), the gut-associated lymphoid tissue of gnotobiotic animals has been shown to be less developed than in conventionally raised animals."' In conclusion. the animal source seems to greatly influence the dome epithelial susceptibility to intestinal pathogens. The initial interaction of rotavirus with a host cells' enterocytes is possibly achieved by a receptor located within the glycocalyx. The initial interaction of enterotoxigenic E. coli differs considerably from rotavirus. The adhesion of enterotoxigenic E. coli is mediated by specific fimbrial antigens. like K99. The receptor for K99 fimbriae obviously could be located within the glycocalyx too. Dome epithelial cells, however, were reported to have a less prominent glycocalyx than ab-sorptive enterocytes. Our own histochemical data on the low and variable activity of dome epithelial alkaline phosphatase, which is known to be mainly located in the glyc~calyx,~' confirms the minimal intestinal surface coat on dome epithelial cells. In summary, the resistance of dome epithelial cells to rotavirus and E. coli infection could be due to a partial or total lack of gl ycocalyx.
Another very important factor might be the difference in rotavirus strains used. Antigenically, rotavirus isolates seem to be related very closely. Nevertheless, there could be differences in virulence and pathogenicity of these viral isolates to different cells.
Virus strains which differ in their pathogenicity for absorptive epithelial and/or dome epithelial cells are known to be reovirus types 1 and 342.43 and Breda virus types 1 and LJ5
Comparing earlier reports with our data, a hypothesis concerning the role of dome epithelial cells during enteric infections is postulated. If an enteric pathogen is able to adsorb to dome epithelial cells in a considerable amount, or even to replicate there, a spread of this pathogen through the host with subsequent disseminated disease is possible. Pathogens without "af-finity" for dome epithelial cells remain more or less restricted to the intestines. This hypothesis is favored by reports which have shown that poliovirus and reovirus adsorb to replicate in and spread through the host from dome epithelial cells,' 41-47 and that mycobacteria and salmonella enter the host through dome epithelial cells.15 ' 5 Furthermore, this hypothesis is supported by the pathogenesis of other infections (e.g., enterotoxigenic E. coli, Shigella, and rotavirus). These agents remain restricted to the intestinal lumen, have no special predilection for dome epithelial cells,'4 j S and do not cause disseminated infection in the host.
The hypothesis presented here is not contradictory to findings by Doughri et a1.I' and Inman and Cantey.Ih who have reported that chlamydia and rabbit dysentery E. coli type 1 adsorb to dome epithelial cells. but do not enter into these cells.
29 Pensaert M, Haeltermann EO, Huisman EJ: Transmis-
